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Mesoscopic Undulations and Thickness Fluctuations in Lipid Bilayers
from Molecular Dynamics Simulations

Erik Lindahl and Olle Edholm
Theoretical Physics, Royal Institute of Technology, SE-100 44 Stockholm, Sweden

ABSTRACT Molecular dynamics simulations of fully hydrated Dipalmitoylphosphatidylcholine bilayers, extending temporal
and spatial scales by almost one order of magnitude, are presented. The present work reaches system sizes of 1024 lipids
and times 10-60 ns. The simulations uncover significant dynamics and fluctuations on scales of several nanoseconds, and
enable direct observation and spectral decomposition of both undulatory and thickness fluctuation modes. Although the
former modes are strongly damped, the latter exhibit signs of oscillatory behavior. From this, it has been possible to calculate
mesoscopic continuum properties in good agreement with experimental values. A bending modulus of 4 X 1072° J, bilayer
area compressibility of 250-300 mN/m, and mode relaxation times in the nanosecond range are obtained. The theory of
undulatory motions is revised and further extended to cover thickness fluctuations. Finally, it is proposed that thickness
fluctuations is the explanation to the observed system-size dependence of equilibrium-projected area per lipid.

INTRODUCTION

Lipid bilayers play important roles in cells as barriers for et al., 1997), the available computing power has confined
maintaining concentrations and as matrices to support menthis to fairly small systems and time scales, below the
brane proteins. Their physical properties have been studieghesoscopic realm.

extensively (Bloom et al., 1991), showing the importance of To better understand the dynamics in this region, we have
membrane dynamics to the insertion of proteins and diregperformed computer simulations of bilayer systems consist-
transport of small molecules (Gennis, 1989). The motions inng of 64, 256, and 1024 Dipalmitoylphosphatidylcholine
membranes range from conformational transitions of thdDPPC) lipids with additional water, reaching a linear sys-
lipid hydrocarbon tails on picosecond scales to bending ofem size of 20 nm and over 120,000 atoms. The two larger
10-um-sized patches extending to several milliseconds. Theystems were simulated for 10 ns, whereas the smallest was
former region is accessible through spectroscopic methodsin for 60 ns. This significantly extends both the spatial and
(Koénig and Sackmann, 1996), whereas the latter can btemporal scales of bilayer simulations and enables direct
studied by microscopy (Evans, 1991). Between these dosbservation of the transition to mesoscopic phenomena like
mains there is a gap, the bridging of which is an importantiilayer undulations and thickness fluctuations. It also makes
task for the understanding of how collective mesoscopidt possible to calculate continuum properties as bending
motion emerges from microscopic atomic interactions. Partmodulus, surface compressibility, and mode relaxation
of this interest comes from the observation that biologicattimes in good agreement with experiment and with meso-
membranes are not rigid, but behave more like liquid crysscopic models. Further, this enables a direct test of the
tals. They exhibit a very high flexibility, which enables suggestion that finite size effects (Feller and Pastor, 1996)
thermally excited undulatory and peristaltic (thickness fluc-reduce the projected area per lipid in small systems.
tuation) motions (Safran, 1994). This is essential for many

of their biological properties, e.g., the extreme ability of

cells like erythrocytes to change shape and the repulsivMETHODS

forces between interacting bilayers (Israelachveli and Wenggrcefield and structure

nerstian, 1990). The physical basis and dynamics for many

of these processes is to be found on this intermediate scal he parameters of the forcefield used for the simulations have been

Duri the last d d listic atomic-I | t escribed in detail (Berger et al., 1997) and shown to accurately reproduce
uring the last decade, realistic atomic-level COmpUter,, .o imental quantities like volume/lipid (Nagle and Wiener, 1988) and

simulation has evolved as a cgmplementary tec_hnique (EGsrder parameters (Seelig and Seelig, 1974). United atoms were used for the
berts and Berendsen, 1988) in the study of bilayers. Al-<CH,/CH, groups in the hydrocarbon tails, reducing the number of atoms

though such methods have made substantial progress duringf lipid to 50. Atomic charges were taken from ab initio quantum

the last few years (Pastor 1994 Tu et al.. 1996: Tie|emaﬁ1echanical calculations (Chiu et al., 1995). The headgroup Lennard-Jones
’ ’ v ’ parameters used were taken from the optimized potentials for liquid sim-

ulations forcefield (Jorgensen and Tirado-Rives, 1988), and the tail param-
eters the ones determined by Berger et al. (1997). 1,4 electrostatic inter-
actions were reduced a factor of 2 and 1,4 Lennard—Jones interactions a
factor of 8. Bond rotations in the carbon tails were modeled with Ryckaert—

Bellemans dihedrals (Ryckaert et al., 1977) and the corresponding 1,4
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from the position of the carbon connecting the tails to the headgroup anTHEQRY OF MEMBRANE MOTION

the orientation by the average of vectors along the two tails. The lipids

were randomly rotated, tilted up to 30 degrees, and given a 0.3-nm spreddndulatory motions

in the z-coordinate. The resulting structures were energy minimized with .

500 steps of conjugate gradients. Finally, 23 simple point charge waters p&PN the longest length scales, the bilayer can be modeled as

lipid were added and the systems subjected to another 500 steps of energy Single surface, neglecting the membrane thickness. This

minimization. To facilitate relaxation, the initial projected area/lipid was set to applies to modes with wavelengths above a correlation

0.65 nn#, slightly higher than the experimental value (Nagle et al., 1996). Iength Ao = 27T/qo. which is of the order of the membrane
thickness. According to Safran (1994), the potential energy

Simulations per unit projected area for such a mode is

Each setup was first run for 50 ps with constant volume. Because the initial - E, (X, y) = 0.5k V2Uyd(X, ¥)|? + 0.5y|VusdX, Y)[Z (1)
conformations had large fluctuations in lipid density, waters entering the

hydrophobic core of 3.2-nm thickness during the first 25 ps were moved tavhere the first term represents the cost of bending the
the outside of the membrane. This run was followed by 50 ps of pressurgnembrane and the second one an external surface tension.
coupling (Berendsen et al., 1984), scaling all directions separately to 1 at . i e

with a time constant of 0.5 ps, corresponding to zero surface tension. Irr];h Fourier space, this SImp“fleS to

both simulations, the temperature of the system was scaled to 323 K with _ 4 N, 2
a time constant of 0.05 ps for water and lipids separately. A 1.0-nm cutoff E“”d(q) 0'5(qu L )uund(q)’ (2)

was used for Lennard—Jones interactions and 1.8 nm for electrostatics. The. . .
. Lo X%th k. the bending modulus ang the surface tension.
long-range electrostatic contributions were updated every 10 steps.

timestep of 2 fs was used and all bond lengths were kept constant using tHe€/OW thelcorrelaﬂon length, the _Continl{um piCtU.re is no
LINCS algorithm (Hess et al., 1997). The coupling time constants werdonger valid; the monolayer motions will essentially be
subsequently doubled (still scaling temperature of lipids and water sepandependent of each other, and the dominating processes

rately to 323 K and pressure separately in all directions to 1 atm), and th%ingle or collective temperature-excited motions of Iipids
two larger systems run for 10 ns, the smallest one was extended to 60 ng, . .
Scaling separately to atmospheric pressure in lateral and normal direction@‘lpOWSky and Grotehans, 1993). The theoretical model for

will produce an average zero surface tension. Because the coupling tim@UCh protrusions predicts a restoring force similar to a

constant is finite, there will still be small fluctuations in pressure and microscopic surface tension, because the modes tend to
surface tension, but, when averaged over several nanoseconds, they drecrease true local surface area. It is important to note that
negligible. Because very slow relaxation and fluctuation modes werghis is 0n|y present on small Iength scales and does not

observed, the systems were allowed to equilibrate for 5 ns before data wes - . .
yste . . 9 . interfere with the longer undulations. Otherwise, the term
collected for statistics. All simulations were performed with the molecular

dynamics package GROMACS (Berendsen et al., 1995), using abodfvould have the propertie_s of a macroscopic Surface tension

30,000 CPU hours for the largest system on an IBM SP2 parallel compute@nd dominate the dynamics as the wavelength increases. In

located at Center for Parallel Computers (PDC), Stockholm. practice, the transition from undulations to protrusions will
be continuous, but we approximate it by separate equipar-

Spatial spectral analysis tition in the two regions:

Spectral analysis was performed on coordinates with 2-ps spacing by ) kBT (kcq4 + 'Yqz)fl q<0do
fitting a grid to each monolayer, with the position of each lipid according (uund(q)> = A X N1 (3
to the definition above. Undulatory motions were defined by the average of ('qu ) d-=> o,

the two grid layers and peristaltic (Israelachveli and Wennarst992) 2. .
by half the interlayer distance. The two-dimensional Fourier transform ofWhereA = L” is the projected area of the system. Our

this grid was computed to yield tiiespace mode amplitudes, the square of Simulations probe an ensemble with an average 0, and
which is the spectral intensity. The average intensity per mode was calcithe remaining fluctuations are negligible. Modes like these

lated by binning over wavenumbers. Due to the different mode densities ilhgqye been observed in simplified model systems of mem-
the systems, the result will be inversely proportional to the grid sidebraneS (Goetz et al 1999)

squared. To compare the data in a single plot, the intensities of the two .
smaller system were scaled to correspond to the grid dimensions used for The total root mean square (RMS) amplitude of the

the largest system. undulatory modes in a system can be calculated as a func-
tion of the system size by summation owgrThis is often
replaced by an integral approximation, but, because the
mode intensity increases fast for smallthis overestimates
Because of the slow dynamics in the systems, it is not possible to perfornthe result by more than 100% in the case of zero surface

a full time-domain Fourier transform of the mode amplitude grid above.tension. We therefore use a numerical summation instead,
Even for the smallest system, the total simulation is only a few times th iving
longest correlation times, and the mesoscopic region is only approached f)?/

Analysis in the temporal domain

the largest setup. Instead, we have studied the temporal dynamics by ks TA
calculating the autocorrelations of mode amplitudes. For the undulatory <uﬁnd> ~ o, 4)
modes, only data after 5 ns was used. The peristaltic modes are slightly 8.3k,

slower, and the remaining 5-10-ns data do not entirely cover their period. . .
To improve this thickness, data already from 2 ns were used, although ¥Where we have neglected the protrusions that will only
introduces a slight error resulting from the modes not being fully developedcontribute a constant factor in systems with a side larger
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than the correlation length. The integral approximationcess in the monolayers they should be of the same form
yields a factor 4 instead of 8.3 in the denominator. The RMSrrespective of whether we are studying synchronous or
amplitude is the square root of this expression. asynchronous motions of the layers, and thus present also in
From the potential energy in Egs. 1 and 2, it is straight-peristaltic modes. Equipartitioning in the two regions, we get
forward to construct a wave equation for a mode if we . .
neglect the surrounding water. Unfortunately this turns out ) keT [k’ + k)" a<0o
to be quite a poor approximation. A better model has to Uped @) = A X (v, 0P q> Qo
incorporate the finite viscosity and mass of the water damp- '
ing the motions. Such an equation has been deduced in th8 principle, one could argue that the term should be
limit of large wavelengths where the mass and thickness opresent also at high-values, but it would be small com-
the membrane are negligible (Kramer, 1971). The originapared to the protrusions. Although the undulatory mode
model treats a membrane subject to surface tension, whef@tensities increase for smajfvalues, the peristaltic ones
the bending modulus contribution will be negligible, pro- thus tend asymptotically toward a constant value, deter-

®)

ducing the dispersion relation, mined by the force constant for keeping the monolayers at
) o their equilibrium distance.
2mpw” + (yo — fwy')o(q — m) = 0, ®) It is possible to calculate the total RMS amplitude for the

peristaltic modes in Eq. 8 the same way as for undulatory
modes. In this case, the integral approximation holds (at
gz_ero surface tension), producing,

with m = (g% — ipw/n)°5, the complex eigenfrequenay =
wo — iI', and p and n the density and viscosity of the
damping water, respectively. The surface tension is desi

natedy, and surface viscosity'. It is easy to extend this to T 5

. X . . . - I kg A

include the bending modulus, which will become important W) = ke TLm a Ctém\‘ fke )]. (9)
at low or zero surface tension. Looking at Eq. 3, we just SWV’iQI‘e

. 2 . . . B .
replacey with v + k.g”in the dispersion relation. This has The peristaltic spectral intensity holds for all modes with

been found in excellent agreement with experiments (Hirrh ~ 0 in the system, where there is no net change in
etal,, 1999), but they have only been performed for Wave'projected area of the system. In contrast to undulatory
lengths down to 1.gm, two orders of magnitude above our motions, however, we can also have a peristaltic mode with
largest system. . . . ... q = 0. Because the volume compressibility is at least an

For theq-v_alues present in our sy_stems, W|th_neg_l|_g|ble order of magnitude smaller than the area, this mode will be
surface §e”5'°” af‘d surface viscosity, Eq. 5 simplifies ominated by the cost of system area change. (The influence
F. = kg /(477)_, Wh.'Ch represents strongly damped mOdesfrom k. is negligible in comparison.) Assuming zero volume
with a relaxation timer = /I’ compressibility, we haver,h = o,A. The projected area

fluctuation can be deduced from ordinary ensemble theory

Peristaltic motions (Allen and Tildesley, 1987), predicting

Thickness fluctuations can be treated analogous to the un- ks TA
dulatory motions above, with the amplitude defined as half T K,
the deviation from the average membrane thickness, i.e.,
Uper = (h — No)/2. Also in this case, there will be an energy WhereK, = A(39v/9A) is the bilayer area compressibility
cost for bending the membrane sides, but the bending modnodulus. We use this formula despite that the weak pressure
ulus ky need not be the same as above, depending on theoupling algorithm (Berendsen et al., 1984) does not pro-
details in the interactions between monolayers. There wilduce a perfect NPT ensemble. For the practical purpose of
also be a force restoring the thickness to its equilibriumevaluating a,, the limitations set by the length of equil-
value. To a first approximation, we assume it to be haribration and sampling are probably as or more severe than
monic with constank, and write the total energy per unit the inappropriateness of Eq. 10 in this situation.

surface as:

EpeX, ¥) = 0.5 V2UpedX, Y)[* + 0.5k Woe(X, y), (6) RESULTS

which in Fourier space becomes Equilibrium properties

_ 4 2 The development of projected area and volume per lipid

Erel@) = 0kl + kU @)- " during the whole 60-ns simulation of the smallest system is

It is also possible to include a surface tension term, butshown if Fig. 1A, and the area of all three systems during
because it would be extremely small in our simulations dughe first 10 ns in Fig. B. The average volume is 1.22 Am

to the pressure scaling, we sgt = 0 to simplify the in all cases, within a percent of the experimental value

equations. Because the protrusions per definition is a prodNagle and Wiener, 1988). This value is remarkably stable,

(10)

Biophysical Journal 79(1) 426-433



Spectral Analysis of Membranes 429

A 065 B
NE T T T T T T T T T
£
g 060 0.64
11
: : < 062
~ 125 ' {4 <
£ r o 0.60
£ - " @
g | h
1 ‘ 0.58
2 120 K i
> - <
\ 1 L 1 " 1 | L | ' | N | )
0 20 40 60 0 2 4 6 8 10
time (ns) time (ns)

FIGURE 1 @) Time development of projected area and volume per lipid for the smallest system during the 60-ns simulation. Although the volume is
approximately constant, the area exhibits substantial fluctuations, with the longest period in the range oBpPnugected area/lipid for the smath{n
solid), medium ¢lotted, and large systenthick solid during the first 10 ns.

with a standard deviation of less than a percent and veryalues ofK, in the same range have recently been calcu-
short correlation times. The fluctuations in projected arealated from smaller simulations (Feller and Pastor, 1999).
lipid are considerably larger, and the equilibrium valueWith this value ofK,, the observed finite size effect on
further exhibits a clear size dependence; 0.611, 0.630, angtojected surface area for our smallest system could be
0.633 nnf, in order, smaller to larger system. This is dis- corrected by applying a surface tension in the order of 10
played against inverse system size in Fig. 2 together withmN/m (a factor of 3—4 smaller than the surface tensions
calculated standard errors. The data agree reasonably welsed by Feller and Pastor (Feller et al., 1997; Feller and
with an inverse proportionality of the correction term, aspastor, 1999)), although this would change the dynamics of
anticipated from ensemble theory (see, e.g., Allen and Tilgq, 5 to be dominated by external tension instead of bending
desley, 1987). Extrapolation gives 0.6350.005 nn? for modulus, increasing damping.

an ?nfinite system, which compares favorably with the ex- Figure 3 shows the time development of the largest
perimental value 0.628 0.013 nnt (Nagle et al., 1996).  gystem during the simulation with hydration waters re-
U_smg Eq._ 10 for the observed fluctuations versus systemyoved for clarity. The development of mesoscopic dynam-
size predictsK, = 300 = 50 mN/m (dyn/cm) for the .o is quite slow, partly because energy is introduced as
bllayer_, n reasonable a_lg_reement with experlm_ents ON S€%hort-scale fluctuations, which then must propagate to the
eral similar types of lipids (Evans and Rawicz, 1990)'Ionger modes through nonlinear effects. The motions are
not fully developed until the last part of the simulation, but
it is clear that there are dynamics on scales of several
nanoseconds.

The resulting spectral distributions of mode intensities
are presented in Fig. 4. Intensity is shown versus wavenum-
ber for undulations in Fig. A and peristaltic motions in Fig.

4 B. When scaled for the mode density, data from all three
systems agree. The intensity of undulatory modes grows fast
with wavelength (decreasing wavenumlgdr as do the
peristaltic modes for higheg-values. The latter modes
initially show a decrease for smajtvalues, but this is due
to their slower initial growth. For the three smallgstalues
1/256 1/64 in the largest system, we have therefore separately plotted
inverse system size (1/lipids) the data from 5-7.5 nscfossey and 7.5-10 nsfifled
square$. This behavior comes from the energy being intro-

FIGURE 2 Average projected area per lipid versus system size. T.heduced through the shorter modes, and the system has thus
error bars represent standard errors calculated from the area fluctuations e . . . .
and compensated for their time autocorrelation. The intercept of the solid!Ot et reached equilibrium. It is still possible to estimate

line predicts the projected area for an infinite system to 0:635005 nn3. the equilibrium value, though, and the transition region.

0.63

0.62

areallipid (nm?)

0.61
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430 Lindahl and Edholm

FIGURE 3 Development of undulatory and peristaltic modes for the largest system. Initially, there is a considerable roughening of the surfaces with
vertical displacement of lipids. From 4 ns, we also see substantial long-range undulatory and peristaltic modes, but they are not fully deVéf@ped unt
last part of the trajectory. (Pictures produced with Raster3D (Marritt and Bacon, 1997))

Undulatory motions These have a spectral distribution proportionatjtd and

] ~_involve more than 50 lipids in the membrane. On interme-
For the undulatory bending modes, we observe two distinc§iate scales (1.5—4 nm), the spectral distribution behaves
kinds of dynamics on different scales. ftvalues smaller asq 2 These modes might be the collective lipid protru-
than 1.5 nm*, corresponding to wavelengths larger thansions suggested from theory (Lipowsky and Grotehans,
the membrane thickness, mesoscopic undulations dominat&993), in which case they should occur independently in the
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B 0 -1 - ]
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FIGURE 4 Spectral intensity per mode versus wave vector for sihiaiinond, medium €ircle), and large systensquarg. (A) Undulatory relaxations.

The dashed line is the undulatayy* modes determined by bending modulus, whereas the dotted line describes protrusion modes from the roughening of
the molecular surface at higher wave vector, showiig abehavior; B) Peristaltic oscillations. The three lowest modes are still increasing after 5 ns, so
these have been divided into 5-7.5-ns datag9 and 7.5-10-ns dataquarg. The solid line is obtained from Eq. 8 witk, andk, fitted. The dashed

curve represents the highmodes determined by bending energy, proportional tb and the dotted protrusion modes.
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two monolayers involving less than 25 lipids. Finally, for ¢ ~ 0.5 nm ! (modes involving more than 400 lipids).
g-values above 4 nm* (about two interlipid distances), the There areq™* bending modes involving 50—400 lipids in
spectrum disappears into noise, due to the definition of lipidhe regionq = 0.5-1.5 nm%, and protrusion modes foy=
position from a single atom. 1.5-4 nm'. Finally, forq > 4 nm™* (below two interlipid
Fitting for low values ofq in Fig. 4A shows good distances), the spectrum is dominated by noise.
conformance tay * for ¢ < 1 nm (@dashed ling and we Fitting to the intermediatg-values of Fig. B givesky =
estimate the bending modulus to>4 10 2° J, in good 2 X 10 2° J. The factor 2 difference betwedq and k.
agreement with experiments (Evans and Rawicz, 1990) omdicates that it is slightly easier to bend monolayers anti-
similar membranes reporting. ~ 5 X 10 2° J. Other correlated, changing thickness than to bend them correlated
sources (Duwe and Sackmann, 1990) indicate values 2—+3%oducing undulations. From the logregion, we estimate
times larger for cellular membranes. The protrusion modeshe value ofk, to 4 X 10 2% J/nnf. The peristaltic bending
fit the intermediateg data withy, ~ 50 mN/m @otted ling. modes extend to wavenumbers about twice as large as for
The dotted and dashed curves in Figh Show the time the undulatory ones. The protrusions modes are identical to
autocorrelation of the two longest undulatory modes in thehose in the bilayer, supporting the view that they occur
largest system. The damping behavior predicted by théndependently in the two monolayers.
dispersion relation in Eq. 5 with thie, above andny = 1 Theq = 0 peristaltic mode has an intensity of x210™*
mPas for water is drawn solid. At short times, the decay isin? for all three systems when scaled to the mode density
slightly faster than predicted, but, considering that the equaef the largest. This givekK, ~ 250 = 50 mN/m, which is
tion is deduced for much larger wavelengths in the limit ofcompatible with the value obtained directly from area fluc-
negligible thickness, the simulation results are in very gooduations and confirms the negligible volume compressibility.
agreement with the mesoscopic model. The relaxation time
7 of the longest mode is approximately 2 ns and of the next
longest mode 0.7 ns. From this, we have a uniform descrip- . .
tion of membrane dynamics over 5 orders of spatial mangrea dependence in simulations
nitude, from 0.25 mm macroscopic wavelengths down toA statistically better way of determining bending modulus is
the membrane thickness, or even the interlipid distance ifo use the system size dependence of total surface RMS
we include the protrusions regime. The corresponding pefluctuations. This also provides a direct picture of size
riods or relaxation times cover 16-10 *°s. effects. Displacements can be calculated directly from sim-
ulations and compared with the sum over modes from Egs.
3 and 8; the results are presented in Fig. 6. The undulatory
RMS amplitude increases linearly with size, whereas the
The intensity of the thickness oscillations shown in Fi@g 4 peristaltic reaches a constant value. Fitting to the sum in Eq.
can also be characterized by different regions. For sgall 4 confirms the bending modulus kp = 4.0 X 1072° J. The
it cannot increase indefinitely, but is limited by the equilib- predicted sum over peristaltic modes in Eq. 9 also agrees
rium membrane thickness. It tends asymptotically toward avell with the corresponding observed displacement, using
constant value for smaf and does not change much below k, = 4 x 102> J/nnf andky = 2 X 1072°J,

Peristaltic motions
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FIGURE 5 Time autocorrelation functions of single modey. The two lowest undulatory modes, with= 0.35 nm * (dotted andg = 0.5 nm*

(dashedl. The solid lines are the relaxations predicted from EqBj;Reristaltic motions for the same wavenumbers, note the different scale. The process

is a combination of relaxation and oscillation with a period in the range of 6 ns.
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0.50 . the smallest system by the decreasing RMS peristaltic am-
plitude at short lengthscales. The corresponding modes are
i present in all systems, but their relative weight increases
0.40 - with decreasing system size.
€ - The correlation with undulatory modes is considerably
ms 030 L lower, and negative. If these modes were the cause of the
SA area discrepancy, we would thus have observed a lower
Ne [ projected area when the undulatory intensity increases with
0.20 - increasing system size, in contrast to the observations.
0.10 ) Area compressibility
0 5 10 15 20

linear system size (nm) The value 250-300 mN/m obtained for the area compress-
ibility of the bilayer is actually a combination of several
FIGURE 6 Total RMS amplitude of undulatorgquarg and peristalic ~ phenomena. First, we have an intrinsic compressibiity
(diamond modes versus system size. The solid line is a linear fit to the sumfrom changing the true local area of a resting bilayer, but
of modes in Eq. 4, whereas the dotted line corresponds to the sumin Eq. $here is also a second contributiKtﬂ”d from the ability of
the system to change its projected area by altering the
intensity of undulations at constant true local area. Because

We further see that, for systems smaller thal0 nm, the 6 pbrocesses occur in parallel, essentially independent of
thickness fluctuations, and thereby also the coupled fluctug,ch other, they should combine as
ations in projected area, have not reached their mesoscopic
value. Of course there is also a size dependence in the 1 1 1 1
undulatory modes, but these are not strongly coupled to the Ky K * Knd* (11)

area. This is easily checked by comparing correlations be‘i’h | ibility will al tribut I
tween the entities. In Fig. 7 we have plotted normalized 1-ns evo “m_e_?"meg,ess' ity Wit aiso contribute a smay area
ompressibility KiX™. The volume compressibility has been

running averages of the projected area fluctuations vers%alculateol t0 4.5¢ 10-5 atm from simulations (Berger et
intensities of peristaltic and undulatory modes. There is ' .
P y l., 1997) and 4-5¢< 10> atm * from experiments (Bra-

clear correlation between large areas and high peristaltig
intensity. This is actually quite reasonable, because th anza and Wor_c_e_ste\tl,)|1986). These values correspond to an
area compressibilitiKx' that is in the order 7OmN/m and

peristaltic modes incur relative motions of the tails in theth iaible. It is of it t 1o relate th d
two monolayers. Any such motions will increase the disor—unu dsulrz]:t’\grl)?lcsﬁtriblﬁti(()) nst(())n;ililg r?1r§:ha(r)1icr:z if) deles ?(?rct?]ri]n’
der in the hydrophobic region, and high order is tightly ’ :

ydrop g g 9 ytfllms (Goetz et al., 1999). In these, the bending modulus

coupled to low projected area/lipid (Nagle, 1993; Berger e - .
al., 1997). This would explain the too low projected area inrelates to area compressibility and membrane thickhess
' through the relation

48k,
W

whereh is the effective thickness of the membrane. With the
k. = 4 X 10 2° J observed in the simulations ahd= 3.5
nm, this gives &4"? = 160 mN/m, which is the right order
of magnitude but at least a factor 2 too small to account for
the K, observed in the simulations. This indicates that the
model in Eq. 12 is qualitatively but not quantitatively
correct.

This combination of processes means that the actual
. i . i . value of K, observed in an experiment or simulation will
0 20 40 60 depend on the conditions at which this is performed. E.g.,

time (ns) applying a surface tension to the system will reduce undu-

lations and thereby the undulatory contributionkig.

und _
Ky =

(12)

deviation from average (o)

FIGURE 7 Correlation of projected area fluctuatiotisidk solid with

peristaltic ¢hin solid) and undulatorydotted modes for the small system.

One-nanosecond running averages of the deviations from the time avera@UMMARY

value in units of standard deviations are shown versus time during the . . . .
simulation. The average correlation coefficient of projected area withVVe have found the collective dynamics in lipid bilayers to

peristaltic modes is 0.83 and with undulatory mode 39. be a combination of several processes on different scales.
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